Introduction
The extreme ultra-violet (EUV) spectral range (10 -100 nm) has significant potential for a number of applications. EUV radiation is being used to expose photo-resist for the latest generation of computer chip manufacture [1] and purpose-built free electron lasers operating in the EUV have been constructed 5 [2] , [3] . A useful laboratory scale laser operating in the EUV at wavelength 46.9 nm has been developed by Rocca et al [4] , [5] . This 46.9 nm laser creates output by compressing argon plasma in a capillary confined Z-pinch arrangement.
Lasing from Ne-like argon ions on a 3p-3s (J = 0 − 1) transition occurs by amplified spontaneous emission with laser output up to 1 mJ energy in pulses The use of EUV lasers for the ablation of small-scale features in solids has been explored [6] , [7] . The diameter d R of a focused laser beam is determined by the wavelength λ of the radiation and the numerical aperture N A of the focusing optic such that
where C f is a constant varying with the intensity and phase profile of the focused laser beam with a minimum diffraction limited value of C f = 2/π = 0.64 for a Gaussian beam. A narrow focus can be formed using EUV lasers due to the combination of the short wavelength of EUV radiation and the ability to create optics with large numerical aperture based on multi-layer mirrors. As 20 well as enabling the ablation of small features for applications, reducing the diameter of beam focus enables higher irradiances to be produced. Harder xrays typically need to be focused using grazing-incidence optics which limits the maximum numerical aperture possible and the size of focus to a diffraction limited diameter of ≈ 1.5µm [8] . [13]). In this paper, we first examine the effects on plasma ionization likely to be 50 observed when photo-ionization dominates the creation of plasma material and then explore some of the experimental issues in creating radiation dominated plasma using capillary laser irradiation of solids.
The effects of free electron degeneracy on collisional and radiative processes
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We first examine the rates of photo-ionization and three-body recombination in warm dense plasmas. The free electron quantum states can become close to fully occupied which means that the electron energy distribution is given by the Fermi-Dirac distribution rather than a Maxwellian distribution. The full occupancy of free electron quantum states also means that transition rates may 60 be reduced as electrons cannot transition to occupied free electron quantum states. We reduce the transition rates due to electron occupancy by multiplying the necessary cross-sections or rate coefficients by blocking factors of form unity minus the occupancy of the final free electron quantum state.
If the density is high and the temperature of a plasma is low, the chemi- As the chemical potential µ is related to the electron density by the requirement that an integration of the electron distribution function over all energies gives the total free electron density n e , we can write
where I m (η C ) is the Fermi-Dirac integral of order m. We introduce a reduced 75 chemical potential η C = µ/kT and write for the Fermi-Dirac integral
The reduced chemical potential η C = µ/kT can be determined using equation(2). We plot a scaling of electron density and temperature as a function of the reduced chemical potential η C (see figure 1) . The vertical axis of figure (1) corresponds to constant adiabats.
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For indirect drive inertial fusion design studies, the pressure of the imploding fuel relative to the Fermi pressure of degenerate electrons is kept below 1.7 [14] which corresponds to a reduced chemical potential η C > 1.5 (see [15] ) . For EUV laser-plasmas, we can deduce the chemical potential range from figure (1).
Assuming an ionization of Z av per atom and that plasma is formed at material 85 density ρ in units of gcm −3 , the electron density in cm −3 is given by
where A is the atomic mass of the target material. Equation (4) and figure (1) show that it is relatively straightforward to create high density plasma material using an EUV laser focused onto a solid target which exhibits a reduced chemical 
Collisional ionization and three-body recombination
A collisional ionization rate coefficient K ion evaluation requires a knowledge of the differential cross-section σ(E, E 1 ) where we assume, say, that the incident electron has an energy E and the ejected electrons have energy E 1 and E 2 = E − E 1 − E ion . We can write [15] that
where the blocking factors P (E 1 ) and P (E 2 ) are appropriate for the two ejected electrons. We assume that the initial bound state has an ionization energy of E ion . The integrations in the square bracket average the differential crosssection and blocking factors over the range of ejected electron energies (from zero energy to the impinging electron energy minus the ionization energy).
We can assume for an approximate treatment that the differential crosssection is constant with ejected electron energy E 1 and simply varies as σ(E, E 1 ) = σ(E ion , 0)E ion /E. With the assumption that the differential cross-section is independent of the energy distribution between the two electrons, the rate coefficient can be written as
with
and
The inner integral I in is over the blocking factors for the two electrons after the collision. For non-degenerate free electrons, the solution of equation (7) is
For degenerate electrons, we define a ratio R ion for the value of J ion (E ion ) 115 relative to the low degeneracy value. We have
Detailed balance means that the modification to the rate coefficient due to degeneracy for three-body recombination R rec is the same as the modification due to collisional ionization R ion .
We plot the numerically evaluated ratio R ion of the degenerate rate coeffi- electron temperature for a constant value of the reduced chemical potential.
Tallents [15] showed that the temperature has a larger effect if the differen- 
Photo-ionization
Modifications to the rates of photo-ionization can be evaluated by considering the blocking factor for the final energy of the ejected electron. We have
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for the ratio R * bf of a photo-ionization cross-section σ * bf including degeneracy to the photo-ionization cross-section σ bf without degeneracy:
where
where E ion is the ionization energy of the ion. Again detailed balance means that the modification R * f b due to electron degeneracy of a cross-section for free-140 bound recombination at the same frequencyhω is also R * bf .
Ionization balance in a radiation dominated degenerate plasma
Consider a radiation dominated plasma where photo-ionization is balanced by three-body recombination. Photo-ionization is the dominant ionization process at irradiances > 10 14 Wcm −2 in the EUV laser irradiance of solid target
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[13] and can be expected to dominate the ionization of Z > 1 ions in the shell and fuel during indirect drive inertial fusion. If the rate coefficient for threebody recombination neglecting degeneracy effects is K rec , then we can write for the populations of two adjacent ionization stages N Z and N Z+1 :
where I is the intensity of the radiation creating the photo-ionization. The 150 population ratio of the two ionization stages is thus given by
so that the ratio R * bf /R rec represents the effect of degeneracy on the ionization (see figure 3) . Provided that photo-ionization dominates collisional ionization (and other processes), the change in the degree of ionization is dominated by the value of the reduced chemical potential as there is little effect with changes of 155 ionization energy (see figure 2) . The degree of ionization, however, can change by orders of magnitude at high values of chemical potential. focused irradiance of 2×10 14 Wcm −2 so that the ionization balance in an irradiated target would be between photo-ionization and three-body recombination:
a radiation dominated ionization balance.
Conclusion
Ionization in experiments where solid targets are irradiated by high irra- using an EUV capillary laser has also been presented. 
